ABSTRACT: Ultrasmall glutathione-coated luminescent gold nanoparticles (GS-AuNPs) are known for their high resistance to serum protein adsorption. Our studies show that these NPs can serve as surface ligands to significantly enhance the physiological stability and lower the serum protein adsorption of superparamagnetic iron oxide nanoparticles (SPIONs), in addition to rendering the NPs the luminescence property. After the incorporation of GS-AuNPs onto the surface of SPIONs to form the hybrid nanoparticles (HBNPs), these SPIONs' protein adsorption was about 10-fold lower than those of the pure glutathione-coated SPIONs suggesting that GS-AuNPs are capable of providing a stealth effect against serum proteins.
S
urface passivation with small organic ligands or polymers is one of the most common strategies to enhance physiological stabilities of inorganic nanoparticles (NPs) and minimize their nonspecific binding to serum proteins. For example, Choi et al. found that coating quantum dots (QDs) with small zwitterionic cysteine ligand not only made QDs highly stable in a native physiological environment, but also enhanced their resistance to serum protein adsorption. 1 Coating gold NPs (AuNPs) with glutathione (GSH), a triamino acid peptide, also leads to a class of renal clearable AuNPs with high resistance to serum protein adsorption that can effectively target tumors. 2, 3 Not limited to small molecules, polymers such as polyethylene glycol (PEG) can also enhance their physiological stability. 4, 5 For instance, PEGylation renders gold nanocages highly stable in a physiological environment with efficient tumor targeting. 6 In addition, coating QDs and AuNPs with low-molecular-weight PEGs leads to a class of inorganic NPs that have little affinity to serum proteins and can effectively target tumors at high efficiency. 7, 8 Although these organic ligands have been widely used to stabilize inorganic NPs in the physiological environment, they seldom render the NPs new functionalities that often need to be achieved by integrating distinct nanostructures together. For instance, a variety of metal and magnetic NPs have been fused to develop hybrid NPs for multimodality imaging that allow strengths of different imaging techniques to be integrated for better healthcare management. 9−16 However, hybridizing different NPs together into a single unit or entity often suffers from significantly increased overall size and decreased physiological stability, which limits their potential in vivo application. 17 Herein, we report a proof-of-concept strategy to address this challenge. By using GSH coated luminescent AuNPs as surface ligands to decorate SPIONs, not only can we successfully integrate magnetic and fluorescence properties together, but also significantly enhance the hybrid nanoparticles (HBNPs) physiological stability and minimize serum protein adsorption, opening up a new path to develop multimodality contrast agents with enhanced physiological behaviors.
The GSH-coated SPIONs were obtained through a two-step process: (1) coating with citrate and (2) replacement of the citrate by GSH. Briefly, 2 nm luminescent GS-AuNPs are fabricated using a method similar to our previously published work. 18 The SPIONs are synthesized via a coprecipitation method by addition of a base to a salt solution containing Fe 2+ and Fe 3+ to form magnetite (Fe 3 O 4 ), followed by its oxidation into SPIONs (γ-F e2 O 3 ). The stepwise procedure reported by Kang et al. was adopted with slight modifications. 19 These SPIONs were initially coated with citrate, which were then replaced with GSH to act as linkers between the SPIONs and ∼2 nm luminescent GS-AuNPs to form the HBNPs. The thiol (−SH) group of glutathione in GSH-SPIONs bonds strongly with the GS-AuNPs, whereas the negatively charged carboxylic ends of the GS-AuNPs can coordinate with the GSH-SPIONs' surface. 20 Transmission electron microscopy (TEM) and particle size analyzer dynamic light scattering (DLS) were used to validate the assembly of the integrated NPs, as well as determine their core size and hydrodynamic diameter (HD). The morphology and particle size distribution of the GSH-SPIONs and HBNPs are shown in Figure 1 . Because Au is naturally more electrondense than Fe, fewer electrons are transmitted, making the GSAuNPs easily distinguishable and appear darker than the GSHSPIONs in the TEM images. 13 As illustrated in Figure 1 , there are no observable free GS-AuNPs, indicating that the purified solution consists solely of HBNPs. Several additional TEM images of the HBNPs (n = 20) were analyzed to quantify the number of GS-AuNPs bound to the surface of each SPION and determined that there are 15 ± 3.5 GS-AuNPs on average for each ∼12 nm HBNP, a value that is dependent on the size and surface area of the SPIONs (see Figure S2 in the Supporting Information). Using DLS, the size distribution of the SPIONs (see Figure S3 in the Supporting Information) shows no significant change after the citrate ligands were replaced by GSH (9.03 ± 0.62 nm to 9.18 ± 0.68 nm). However, the incorporation of GS-AuNPs onto the surface of ∼9 nm GSHSPIONs, resulted in the increase of the overall core and HD size to 12.10 ± 1.43 nm and 13.63 ± 0.96 nm, respectively ( Figure 1C, D) . This change in size is an indication that the GS-AuNPs were successfully integrated onto the SPIONs' surface. In addition, the zeta potential (ζ) was measured to determine the surface charge. The surface of the hydroxylfunctionalized SPIONs (bare-SPIONs) is positively charged as determined by its ζ value of 35.12 ± 0.75 mV. On the other hand, the citrate-coated SPIONs, GSH-SPIONs, and HBNPs, all have negative ζ potential (−58.34 ± 1.44 mV, −46.27 ± 2.50 mV, and −48.30 ± 0.67 mV, respectively) under physiological pH (pH 7.4). The transition in the ζ potential from positive to negative indicates that the bare SPIONs were successfully coated with ligands. Chemically, these ligands have more negatively charged carboxyl groups than GSH, which is in agreement with their ζ potential measurements. Moreover, the overall surface charge of the HBNPs is more negative than the GSH-SPIONs because of the incorporation of multiple GSAuNPs on the surface.
The ligands on the surface of the NPs were characterized using Fourier Transform Infrared spectroscopy (FTIR) to acquire and confirm their chemical composition and structure, as shown in Figure 2 . The spectrum of the citrate-SPIONs shows the emergence of the signature peaks from the citrate, which come from the symmetric and asymmetric stretching vibrations of the carboxylate moiety that appear at 1387 and 1568 cm −1 , respectively. Aside from its similarities with the IR spectrum of citrate, the result obtained here is in accordance with previously published data. 21 The spectrum of GSHSPIONs also shows a peak around 1600 cm −1 (characteristic peak of −COOH groups), but not as sharp as that for GSH. The spectrum of the HBNPs is analogous to that of the GSAuNPs due to the presence of GSH ligands on their surface. The peak observed at 2520 cm −1 for GSH (attributed to the presence of −SH group), is absent in the spectrum of AuNPs and HBNPs because of the formation of a strong Au-thiol bond. In GSH-SPIONs, the 2520 cm −1 peak is also absent, which may be due to the development of disulfide bonds. 22 The peak detected at about 560−580 cm −1 for all of the SPIONs in Figure 2 corresponds to the Fe−O bond vibrations. 23 The photoluminescence and magnetic properties before and after exposure to a magnet and UV light are shown in Figure 3 . To quantify the differences in the properties, we used an inductively coupled plasma mass spectrometer (ICP-MS) to determine the concentration of gold and iron in the AuNPs and HBNPs, since it is difficult to distinguish the two via UV−vis spectroscopy due to an absorption overlap from 300 to 450 nm ( Figure 3B ). According to the ICP-MS analysis (see Figure S4 in the Supporting Information), the HBNP solution contains approximately 4.15 mM Au (∼15% by weight) and 84.09 mM Fe (∼85%), whereas the GS-AuNP solution contains 5.37 mM Au. This result enabled us to quantitatively compare the fluorescence (FL) of the HBNPs with that of the GS-AuNPs. Both the GS-AuNPs and the HBNPs have the same excitation and emission wavelengths at 400 and 600 nm, respectively. The solution of GS-AuNPs has almost double the FL intensity than that of the HBNPs measured at similar Au concentration, whereas the GSH-SPIONs are nonfluorescent. To quantify the FL quenching mechanism of HBNPs, the quantum yield (QY) was determined by comparing the NPs' FL and absorbance with Rhodamine 6G′s (R6G), which has a known QY of 90% in water. 24 As shown in Figure S5 in the Supporting Information, the QY of the HBNPs was 1.36%, compared to the GS-AuNPs' 4.25%. This decrease in the luminescence of the HBNPs may be attributed to self-quenching of photoluminescence from the AuNPs due to their short distances from one another, as well as potential electron transfer between luminescent AuNPs and SPIONs. 25−27 Using a Vibrating Sample Magnetometer (VSM) with an applied magnetic field from −10 kOe to 10 kOe at 298 K, the magnetic properties of plain GSH-SPIONs and HBNPs were characterized and shown in Figure S6 in the Supporting Information, which indicates that the NPs are superparamagnetic at room temperature, showing no coercivity and remanence as also observed in Au BSA modified DOPFe (HQC). 15 The GSH-SPIONs exhibit a mass magnetization (M s ) of ∼50 emu/g, a value that is ∼2 times greater than what was previously reported for SPIONs. 28, 29 On the other hand, the GS-AuNPs do show no response to the applied field, an expected typical diamagnetic behavior. The HBNP contains ∼15% gold by weight as determined by ICP-MS, and after taking into account the mass contributed by the GS-AuNPs, the M s of HBNP is measured as ∼40 emu/g (∼35 emu/g before normalization), which is comparable to those of the plain GSHSPIONs but slightly lower than those of magnetism-engineered iron oxide (MEIO) NPs with similar diameter. 30 The spin−spin relaxation times (T 2 ) were also evaluated for the GSH-SPIONs and HBNPs at different iron concentrations (0.66 mM to 23.77 mM). The inverse of the T 2 relaxation time (1/T 2 ) was plotted against iron concentration, and the relaxivity coefficient (r 2 ) calculations reveal that the HBNPs (59.99 mM
) have a higher r 2 value than the GSH-SPIONs (27.13 mM
) as shown in Figure 3C . Because the r 2 relaxivity of magnetic nanoparticles (MNPs) is determined by the translational diffusion of water molecules in the inhomogeneous magnetic field around the NPs, the surface coatings have a significant influence on their relaxivity. 31 For example, when the molecular weight of PEG used to coat the surface of a 14 nm iron oxide nanoparticle (IONP) decreased from 5000 to 1000 Da, the relaxivity increased almost 3 times. 32 This phenomenon is also observed in silica-coated MNPs. 33 The r 1 values of the MNPs increased with the silica interlayer thickness, whereas the r 2 values decreased. These results show that modifying the IONPs' surface has an impact on relaxivity. Nevertheless, the r 2 values of HBNPs, which are a direct indication of contrast enhancement effects, are comparable to those of dextran-coated monocrystalline IONPs and Clariscan (a superparamagnetic IONP) that have similar core diameters (∼9 nm @ 43.7 mM ), making the HBNPs a promising candidate for magnetic resonance imaging (MRI). 32 The in vitro stability of these hybrid nanostructures was also investigated in phosphate buffered saline (PBS) buffer and fetal bovine serum (FBS) and compared them with GSH-SPIONs. As shown in Figure 4 , the HD of HBNPs in PBS is 12.82 ± 0.99 nm and increased to 18.02 ± 2.12 nm when incubated in PBS containing 10% FBS. However, these HD values are still much smaller than those of plain GSH-SPIONs (9.18 ± 0.68 nm in H 2 O, 50.79 ± 4.86 nm in PBS, and 110.54 ± 12.26 nm in PBS with 10% FBS), as observed in a recently published data. 22 Combined with our previous work that GS-AuNPs have high resistance to serum protein adsorption, 16 significant differences in HDs between HBNPs and plain GSH-SPIONs suggest that incorporating GS-AuNPs into the SPIONs not only allows integration of fluorescence and magnetic properties, but also significantly enhances their resistance to serum protein adsorption. The presence of divalent cations such as Mg 2+ in PBS buffer is believed to cause aggregation of GSH-SPIONs in PBS, because of the formation of a cation salt bridge between two carboxylic groups. 22 As shown in Figure S7B , C in the Supporting Information, the HD of GSH-SPIONs increased to ∼140 nm in a solution containing 250 μM of Mg 2+ , whereas the HD of HBNPs only increased to ∼40 nm after 1 h of incubation at room temperature. This is important because the human serum has a normal magnesium concentration that ranges from 0.65 to 1.05 mM, in which 55−70% of it comes in ionized form. 34 The HBNPs and GSH-SPIONs were also incubated in sodium chloride (NaCl) solutions for 1 h to determine their stability. As shown in Figure S7C in the Supporting Information, both types of NPs are stable in different NaCl concentrations, as also observed in a similar study for GSH-coated iron oxide nanoparticles that was reported recently. 22 In the presence of serum proteins (10% FBS in PBS), the GSH-SPIONs' HD increased to ∼110 nm compared to the HD in PBS (∼50 nm), indicating that serum protein adsorption caused the particles to aggregate even more. On the other hand, the HBNPs' increased HD in the presence of serum proteins is believed to be due to slight adsorption. Although individual GS-AuNPs have been shown to have a stealth effect against serum proteins, the GS-AuNPs in HBNPs are sparsely distributed with a relatively small distance between the GS-AuNPs (2.8 ± 0.7 nm), as shown in Figure S9 in the Supporting Information. This distance might make serum proteins in FBS (which have an average HD of 5−10 nm) 35 more difficult to adsorb on the SPION core; therefore, only a slight increase in the HBNPs' HD in 10% FBS was observed. Therefore, Bradford protein assay was used to quantify the amount of proteins adsorbed on the nanoparticles, where bovine serum albumin (BSA) was used as the standard. As shown in Figure 4C , ∼120 μg/mg NP of BSA was adsorbed by GSH-SPIONs after 1 h of incubation, whereas the HBNPs only adsorbed ∼15 μg/mg NP of BSA, which further proves that GS-AuNPs can minimize the serum protein adsorption. The additional TEM studies on the HBNPs after serum protein incubation show that the number of GS-AuNPs on the surface of SPION after 48 h of incubation in PBS with 10% FBS was 14 ± 3, which is comparable to the number of 15 ± 3.5 in H 2 O (see Figure S2 in the Supporting Information). In addition, the HBNPs' FL stability was monitored over a 48 h period, after incubation in H 2 O, PBS, and 10% FBS in PBS at R.T. and 37°C
, respectively. Figure 4D shows no significant change in the nanostructures' FL intensity, even in the presence of serum proteins (10% FBS). At 37°C, the FL intensity of the particles incubated in PBS remained constant, indicating their high stability. Compared to the luminescence intensity in H 2 O, there is a slight increase in PBS because of a difference in pH. However, in PBS containing 10% FBS at 37°C, the intensity slightly decreased by about 10%, which may be due to the interactions with proteins as indicated by a small increase in the HD from 12.82 ± 0.99 to 18.02 ± 2.12 nm for the HBNPs and the protein assay ( Figure 4A, C, respectively) .
In summary, ultrasmall luminescent GS-AuNPs with high resistance to serum protein adsorption can serve as surface ligands to stabilize SPIONs, which not only render SPIONs fluorescence property but also enhance their physiological stability, and minimize serum protein adsorption 10 times lower than the SPIONs coated with only GSH. These unique functionalities of ultrasmall luminescent GS-AuNPs can potentially enhance the in vivo behavior of SPIONs, opening up a new strategy for designing multimodal imaging probes with enhanced functionalities and physiological stabilities. With the assistance of dual-functionalities of these hybrid nanostructures, the deep penetration depth of MRI can be integrated with high sensitivity of fluorescence imaging, so that both preoperative planning and surgery can be more accurately coordinated to further improve the effectiveness in radical resection.
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